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SUMHMARY

An investigntion wae conducted to develop methods and equip-
ment for the measurement of operating streeses in alrcraft-engine
crankshafts and connecting rods. Ianges of alternsting stress
were measured under motsring and vower condlitions at several
locations on the master conrecting rod and at one location on the
crankshaft of a nine-cylinder radial alr-cooled engine modified
for test purposes. The results irdicate that the measurement of
etresses in connecting rode ls feasible. Some resonant bending
vibratlon occurred in the rod under all engine operating condi-
tlons investi~ated, but no anureclable resonant axial vidbrstion
was found.

IHTRODUCTION

At the request of the Air Technical Service Command, Army Alr
Yorces, a program is beilng carried out at the HACA Cleveland labo-
ratory to develop methods of measuring strains in critical sectlions
of rotating—-shaft systeme. Severel crankshaft failures have been
caused by excessive strains due to bending vibration of the crank-
shaft at its natural frequency. Crankshaft stresses are extremely
difficult to determine bv anelytical methods because many factors,
such as netural frequencles, forcing functions, damping capvacity,
and bearing clearances, are involved and some of theae factors
cannot be accurately determined. Torsional wvibration ia commonly
meagsured for experimental analysis of crankshaft stresses; bending
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vibratior of the shaft, however, cannot be determined from torsional-
vibration data. 'ire atrair gages have therefore been used for
measurement of berding vibration (reference 1).

No literature on the measurement of operating stresses in con-
necting rods of high-speed engines has come to the attentlon of the
authors. The importance of investigeting vibration conditiors in
connecting rods has been recognized but, because suitable instrumern—
tation and methods were lacking, experimental straln-measurement
investigations have not been made heretofore.

The inastrumentation and methods that were used to measure
streeses in the cranlkshaft and the master connecting rod of a modi-
fied test engline are described hereln ard the test results are pre-
sented. Wire strain gages were employed ror the measurement of dy-
namlc strains in the crankshaft and the m;aster conmecting rod. Strain
gages mounted anc used as described yielded en over-all strain sig-
nal of relatively large amuvlitude, which minimized the effect of
distortion causod by slip rings and high-galn amwlifiera.

DESCPIPTION OF APPARATUS
Test Engine

The straln-measurement investigatlion was conducted on an alr-
craft engine that had be~n converted to a three-cylinder test en-~
gine. The mester—rod cylinder (Fo. 1) was overeted urder vower,
whercas cylincers ! and 7 were motored with exhaust and inteke
valves 1lnatalled but with valve push rods removed. The vower was
absorbed by an electric dynamometer. In all tests, standard labo-
ratory egaloment was used to mensure engine speed, power outout,
and cylinder temveratures. The engline was operrted with ~tmosvheric
inlet pressure lnasmich as supercharging faclilities were not
avalilablo.

Strain Gages and Circult Diagram

The straln gages used, wereo attached by means of Balelite BC-
6035 cement. All gages were of 120-ohm nominal rosistanco with a
strain~sensitive area of 1/8 ty 1/5 inch square for each gage. The
strain was measured by four strain gages, which were mountod on the
straincd meuber closely adjacent to cach other at the desired loca~
tions. (See fig. 1(a)) T™e strain~sensitive filaments of all four
etrain gages wecre orientated in the direction in which 1t was desired
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t0 measure the strain. The filaments of two of the gages were made
of Afvance wire and those of the other two gages were made of Kovar
vire. Advance wire and Eovar wire havs strain-sensitivity factors
that 2~0 oyposite in sign and spproximately equal in magnitude. The
four strain gages were interconnected to form an electrical resist-
ance bridge of the “heatstone type (fig. 1(b)) with Advance wire
gages In tvo opposito arms of the dbridge and Kovar wire gagzes in the
other two onposite arms. The effect of the resistance change of all
gages vas to change the bridge balance by an amount proportional to
the average straln applied to the four strain gages.

The term "strain vickup"™ is usod herein to refer to the combi-
nation of four strain gages described in the foregoing paragraph.
The offectlive strain-sensitive area of each strain pickun was
5/16 inch long by 3/8 inch wide.

Crankechaft Strain~Measuring Installation

One strain pickup was located on the propeller side of the
front erark arm in tho position chowm in figure 2. This strain
pickup measured the totel strain, wnich consisted of the sum of tho
alternating stralns duc to bending and average tomsion and compres—
sion loads in the crank arm. The circuit diagram for this strain
vickup is shown in figure 3. The slip rings (fig. 4) were mounted
at the outer end of the »nropeller shaft on the dvnamometer coupling

flange.

Installation for Measuring Strains in Master Comnecting Rod

8ix straln pickups were located on the master comnecting rod
in tho vositions shown in figure 5. All strain vpichkups were orien-
tated with strain-sensitive filaments located longitudinally with
regpect to the connecting rod. The circult diagram for a typical
strain pickup is shown in figure 6. Six slip rings werc instellod
on the master connecting rod (:E':lg. 7). The strain vickuoe were
divided into threo groups of two with the battery torminals for
sach palr connected in warallel. Six slip rings were therefore
sufficient to overate one group of strain pickuvs at a time. The
lead wires from the slip rings could be transferred from one group
of atraln pichupe to another by ehifting short lead wires on the
magter conncceting rod.
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S51ip Rings and Brushes

A description of tho slip rings and the dbrushes used in this
inveatigation and their performance characteristica is siveun in
reference 2. The slip-ring and brush contact surfaces were porven-—
dicular to the axis of rotation. The slip rings were made of shim
brass 0.016 inch thick with a Vickers hardness number of 150.
Silver—-graphite brushes 1/8 inch in diametor and 9/16 inch long were
used throughout these tests. Four brushes were used for ocach slip
ring with a contact pressure of 250 pounds per square inch for the
8lip rings mounted on the master connecting rod and for the slip
rings fastened to the outer end of the nropveller shaft on the dyne~
mometor coupliag hud. The slip rings mounted on the comnecting rod
wvore opveratoed in oll and the slip rings mounted on the dynamometer
coupling hub were operated dry. All slip rings and the drush
holders mounted on the crankshaft (fig. 7) were attached with
B-kelite BC~6035 cement.

Recording Instrumonts

The dynamic strains wore recorded by & moving-coll tyve of
oscillograph with a galvanometer elemcnt having an urdamowed natural
froguency of 2C00 cycles per second. The froquency response of the
moving-coll tyre of recording—oscillograoch system was found to be
congtant vwithin +3 percent from 15 to 500 cycles per second. 4
moving-coll elemont with an undamped natural frequency of 500 cycles
per socond recorded the timing signal, wvhich was obteined from a
pickuo coll consisting of a few turns of vrira wrapped around one of
the spark-plug wires.

4 cathode~ray oscilloscove in conjunction with a roteting-drum
camera was used as a single—channel rocording oscillograph to obtain
a few atrain records for comparison with the records obta_ned with
tho moving-coil oscillograph. The freguency response of the cathode—
ray oscillograph was found to be coastant within +5 percent from
14 to 2000 cycles per second. Figure 8 shows comparsble racords
obtained with both oscillographs from the same strailn pickup under
the same engine operating conditionms.

ST PROCEDURE

Strain records were obtained from each of the strain plckups
for ongine svoeds of 1250, 1500, 1750, and 2000 rpm for both motor-
ing and power conditions. All power runs were made at fuall throttle
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vithout boost. Power was detormined on an indicatod basis by adding
the powor required to motor the engine %o the brake horsepower.

All strain measurements were mede with a stirain-gage ourrent
of 30 milliamperes and with the same amplifier-gain setting. The
ordinatcs of all tho osclllograms havo tho same scalo and thereforo
aro diroctly comparable. The f£ilm spood was 10 inches per second
for all of the osoillograms except for the racord from the cathode-
ray oscillograph showm in figure 8, vhich was 54 inchos per sccond.

Tho amplifiers and tho oacillogravhs wero calibrated by record-
ing the etrain signal from a strain pickup mounted at a voint of
kmovn alternating strain on & vibrating cantilevor beam. The same
strain-gago curreat and amplifler-gain setting were used during the
calibration as wero used during the ongino strain-moasuring tosts.
The accuracy of calibrations dopends upon the equality of the strain
sensitivity of the various etrain pickuss. The strain sensitivity
of a large number of strain gages of the type used in thls inpvesti-
gntion was measurod, and the varliatlon was detormined to be not
groetor than +1 vercent.

RZSULTS AlD DISCUSSION
Stresses in Orankshaft

The atrain in tho crank arm at the location shovn in figure 2
wvas measurod by strain pickup 1. This pickup was located at a
convenient position on the crankshaft to nrovide a straln signal
that would domonatrato tho sultebility of the instrumontation for
moasuring dynamic strains in tho crankshaft. ilo attompt was mado
to locate tho straln »pickup at tho voint of maximum stress, inasmuch
as dovolopmont of instrumentation tochniques was tho orime objoctive
in this prcliminery ovhase of tho work. The oscillograme from strain
pickuy 1 are shown in figore 9. The highest stress range moasured
at this location for power operation was 12,700 pounds per sguaro
inch at gpeeds of 1500 and 1750 rom. Tho maximum stress range when
the engino was motored was 5150 pounds ver square inch at a speed
of 1750 rpm. Tieoso stressos were comouted from the oscillograms
of figure 9 with the assumptions that the strain vpickup was orien-
tatod in the direction of the major princlval axis of strain and
that the stross was uniaxial.
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Stresses in Haster Connecting Rod

Bosonant vibretions were fournd in all the oscillogrems (fig. 10)
obteined from strain piclup 5, which was located on the flange of tho
I-boam soctlion of the master connocting rod ono—third of tho distance
from the centor line of the master-rod piston-pin bearing to the
center line of tho master-rod crankshaft bearing. The resonant
vibrations werc not susteined but varied from a maximum to & mini-
mam amplitude sovoral times throughout the engino cycle. Some of
the oscillograms of figure 10 ars raproducod to a largor scale in
figure 11 to show the wave form more clearly.

Strnin vickuy 2 was located on tho center line of the wob of
tho meastor commectlng rod at the same cross soction as pickup 5.
This pickup was so close to the noutral axis of the I-beam section
that it could not have beon greatly affectod by bending, end the
osclillograms arc thorofore falrly representative of the average
longitudinal strain in the connecting rod at this cross section.
Little rosonant vibration was obtained from this pickup. (See fig.
12.) It is therefore concludod that the rosonant vibration ob-
taincd in the records of figuro 10 was largolw due to bending and
that 11ttle exial vibration of the mastor connecting rod occurred.

Tho rango of altornating stress wos detormined for ocach strain
pickup and test condltion by comparing tho signals from the strain
pickups with the sigznal from a stralin vickup mounted on a callbrator
bar subjected to a mown uniaxial be=ding stress. Thils vrocoduro is
based on the essummtion that the etross in the connecting rod is
uniazdial with tho major vrincipal axis along tho length of the rod.
The rosults are listed in table I. Tho maximum range of streas
obtalnod in tho mastor conrocting rod for any of the locations and
conditions tosted wns 32,200 pounds por square inch occurring in
pickup 6 at an orgine epoed of 2000 rom.

Tho measurcd range of stress in tho master connecting rod as
dotormined from the eix strain pickups varied firectly with tho
square of tho ongine speod (fig. 13) owing to inertia effects whon
tho ongine was motored by means of tho dynamomotor. In tho analysis
of tho oscillogrems for inertlia stress range at the lowor engine
gpeods, tho peak comprossion-stress ampllitude at the timo of veak
compression vrossure and the maximum tensile—stress amplitude that
immedlately followod wero disrogarded.

The date prosontod herein demonstrate that it is practicable to
measure dvnamic strains in connocting rods. Tho engine vower output
could not be oxtendod to high mean effective pressures bocanse boost

—————
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prossure was not available., No difficulty should be involved with
the strain-measuring system 1f the program is extended to operating
condltions at higher ongine speeds and mean effectlve pressures.

SUMMARY (OF RESULTS -

The rosults of tests of the dynamlc straln-measuring system
developod for the B~1820-25 toant ongino =~nd deoacribéd horoin showed
thatt

1. Clear and rooroducible ocscillograms were obtained from
strain pickups loceted on the crankshaft and the master connecting
rod.

2. Resonant bending vibrations of the mnstor comnnecting rod
in a plane perpendicular to the crankpin were found to occur in ap—
prociable magnitude for all confitiors of engine operation tested.

3. Yo esnroclable resonant axial vibration was found in the
master connecting rod.

4. The experimental valuos of the inortia stress range meas-
ured with vickuvs on the master comnecting rod varied directly as
the square of the engino speed.

Alrcraft Engino Resenrch Laboratory,
intional Advisory Committee for Aeronautics,
Clevoland, Ohio, August 13, 19u5.
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TABLE I - MASTER-CONNECTING-ROD STRESSES FOR ALL STRAIN-PICKUP

LOCATIONS AND ENGINE OPERATING CONDITIONS INVESTIGAT=D

Strein Engine' Indicated Range of
pickup | spoed meen alternsting
(rpm) | effectivo atress
Dressure (1v/sq 1in.)
(1b/sq in.)
1 1250 a7.2 10, 900
15C0 g7.6 12,700
1750 100.7 13,600
2000 94.5 11,500
2 1250 | 100.2 23, 800
1500 100.7 24, 600
1750 103.0 24, Loe
2000 101.2 25, 800
3 1250 96.8 24, 000
| 1500 cg.t 21, 400
| 1750 99.9 23,200
2000 91.9 20,500
1 1250 102.5 21,100
1500 101.1 20,900
1750 102.5 20, 700
200G 30.5 19,700
5 1250 106.5 29, 300
1500 109.1 30, 000
1750 107.0 29, 200
2000 92.8 27,900
6 1250 ¢ 103.C 28,900
1500 l 107. 31,100
1750 107. 31, 50C
2000 06.8 | 32,200 I

drtlonal Advisory Committee
for Aoronautics
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Kovar " Advance

Advance Kovar

(a) Relative location of four strain gages.

Advance

Al

-

To galvanometer

P

(b) Basic wiring diagram.

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure |. - Strain pickup.
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Figure 2. -
the front

Axis of orientation

Strain pickup 1 — ! \ /

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Location of strain pickup on propeller side of

crank arm.
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Ry Advance-wire
strain gage,
120Q resistance

Ry Kovar-wire strain

gage, 120Q resist-
ance

portion of circuit
attached to crank-
shaft

Ra Ry
Ry Ra
A\ 74
= 1
Amplifier

Figure 3. - Circuit diagram

strain

Slip rings on crank-
shaft (operated dry)

Recording
oscillograph —-|'|'-—

in crankshaft.

. NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

used to measure alternating
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Figure 4, - s1ip ring used on crankshaft.

NACA
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i [ i tipropeller side

i . = cation of strain pickups on an . ide
F'g:r;azter tgnnecting rod. All pickupg have stra:q-sensutu;e
filaments orientated longitudinally with respect tq the ro .
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R, Advance-wire
strain gage,
120Q resistance

Kovar-wire strain
gage, 120Q resist-
ance

———— portion of circuit
Rk Ra attached to master
connecting rod

Slip rings on master
connecting rod (op-
erated in o0il)

Slip rings on crank-
shaft (operated dry)

—0—0

i Recording
Amplifier oscillograph -4"*"

- NATIONAL ADVISORY
COMMI TTEE FOR AERONAUTICS

Figure 6. - Circuit used to measure alternating strain in
master connecting rod. o
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Brushes and holders

Slip rings

Figure 7. - View of master connecting rod and crankshaft
assembly showing strain-measuring installation.
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Crankshaft rotation, 720°
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Record from cathode-ray osciliograph

Record from moving-coil osciilograph

Figure 8. -~ Comparison of records obtained by the moving-coil-type oscillograpﬁ and the
cathode-ray type of oscillograph
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imep, 103,2 Ib/sq in,
1250 rpm

imep, 102.0 Ib/sq in.
1750 rpm

imep, 94.9 Ib/sq in.
2000 rpm

Motoring

Power

Figure 9. - Oscillograms from strain pickup | on crankshaft
for all engine conditions tested. {Reduced to one-~hal f
original size.) Ignition timing, 20° B.T.C.

NACA
C-11843
7-24.45
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imep, 106.5 Ib/sq in

imep, 109.1 1b/sqg in.

I500 rpm

g

imep, 92.8 Ib/sq in.

2000 rpm
Motoring Power
Figure 10. - Oscillograms from strain pickup 5 on master con-
necting rod for all engine conditions tested- {Reduced to
one-half original size.) ignition timing, 20° g, T.cC..
NACA
C- 11844
7-24-45
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1500 rpm

Motoring

Figure Il. - Oscillograms from strain

1750 rpm

Po

pickup 5 on master connectin

of 1500 and 1750 rpm. (OQOriginal size.) fgnition timing, 200° 8.

NACA
wer C. 11845
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g rod for engine speeds
T.C.
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1250 rpm

imep, 103 Ib/sql‘

1750 rpm

imep, 101.2 lb/sqg in.

2000 rpm
Motoring Power
Figure 12. - Oscillograms from strain pickup 2 on master con-
necting rod for all engine conditions tested. {Reduced to

one-half original size.) A, compression pressure peak; B,
explosion pressure peak; ignition timing, 20° B, T.C.

NACA
C. 11846
7-24.45
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Streés range, 1b/sq in.

_ NATIONAL ADVISORY :
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12,00
/J
8,0
4,0 -
O Pickup 1
D Pickup 2
¢$ Pickup 3

~ Engine speed, rpm
Figure 13. - Effect of engine motoring speed on the range of

alternating inertia stress measured in the master connecting
rod. Abscissa scale proportional to square of engine speed.
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Stress range, 1lb/sq in.
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12,00

8,0

4,0 —_
O Pickup 1
O Pickup 2
O Pickup 3

Engine speed, rpm

Figure 13. - Effect of engine motoring speed on the range of
alternating inertia stress measured in the master caonnecting
rod. Abscissa scale proportional to square of engine speed.
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